Monitoring
oxygen saturation by pulse oximetry (SpO 2 ) is a common method of assessing respiratory status in critically ill patients 1, 2 . However, hypoperfusion may reduce pulse waveform and it is widely believed that any condition that causes hypoperfusion in the body part attached to the sensor may reduce the ability of the pulse oximeter to accurately read the oxygen saturation 3 . If reduced pulsatile flow impairs light absorption this may result in inaccurate oxygen saturation values and false alarms. There has also been questionable accuracy of pulse oximetry while patients are receiving high levels of positive end-expiratory pressure (PEEP), for example during a recruitment manoeuvre 4 . It is possible that the high intrathoracic pressure caused by high PEEP results in reduced cardiac output and dampened arterial waves which make it difficult to accurately absorb light. If this occurs it may reduce the accuracy of the oxygen saturation value.
The Max-Fast sensor is designed for use on the patient's forehead over the occipital artery 5 . It may have an advantage over the finger sensors because the forehead site is less vulnerable to peripheral vasoconstriction and is reported to maintain signals longer than the digit sensor during conditions of poor peripheral perfusion. The forehead is also described as a lower motion site in the product information and the opaque forehead sensors tolerate Comparison of forehead Max-Fast pulse oximetry sensor with finger sensor at high positive end-expiratory pressure in adult patients with acute respiratory distress syndrome C. L. HODGSOn*, D. V. TUxEn †, A. E. HOLLAnD ‡, J. L. KEATInG § Intensive Care Unit, Alfred Hospital, Melbourne, Victoria, Australia
SUMMARy
In the critical care setting it may be difficult to determine an accurate reading of oxygen saturation from digital sensors as a result of poor peripheral perfusion. Limited evidence suggests that forehead sensors may be more accurate in these patients. We prospectively compared the accuracy of a forehead reflectance sensor (Max-Fast) with a conventional digital sensor in patients with acute respiratory distress syndrome during a high positive end-expiratory pressure (PEEP) recruitment manoeuvre (stepwise recruitment manoeuvre).
Sixteen patients with early acute respiratory distress syndrome were enrolled to evaluate the blood oxygen saturation during a stepwise recruitment manoeuvre. PEEP was increased from baseline (range 10 to 18) to 40 cmH 2 O, then decreased to an optimal level determined by individual titration. Forehead and digital oxygen saturation and arterial blood gases were measured simultaneously before, during and after the stepwise recruitment manoeuvre at five time points.
Seventy-three samples were included for analysis from 16 patients. The S a O 2 values ranged from 73 to 99.6%. The forehead sensor provided measurements that deviated more from arterial measures than the finger sensor (mean absolute deviations 3.4%, 1.1% respectively, P=0.02). The greater variability in forehead measures taken at maximum PEEP was reflected in the unusually large precision estimates of 4.24% associated with these measures. No absolute differences from arterial measures taken at any other time points were significantly different.
The finger sensor is as accurate as the forehead sensor in detecting changes in arterial oxygen saturation in adults with acute respiratory distress syndrome and it may be better at levels of high PEEP, such as during recruitment manoeuvres.
high ambient light settings. It is reported to have SpO 2 accuracy comparable to the adult finger sensor of ± 2 saturation points.
Studies have compared finger and forehead sensor sensitivity and accuracy in infants 6 , during anaesthesia, mechanical ventilation 7 and in patients with low cardiac index 1 . The forehead sensor was found to be at least as accurate as the finger sensor in all trials. No research was identified that compared the forehead sensor to the finger sensor in patients with acute respiratory distress syndrome (ARDS). Patients with ARDS have reduced oxygenation and can have peripheral hypoperfusion which may reduce the accuracy of a finger sensor.
This study was a head-to-head comparison of forehead (Max P, nellcor, Tyco Healthcare, Pleasanton, CA, USA) versus finger (Fast-SpO 2 , Philips Medical Systems, Andover, MA, USA) pulse oximetry in patients with ARDS at varying PEEP levels. The aim was to determine which of the two non-invasive methods produces measurements of oxygen saturation that most closely approximate the arterial blood gas co-oximetry (S a O 2 ) as the gold standard.
MATERIALS AnD METHODS
This was a prospective observational study comparing measurements of blood oxygen saturation obtained under three different methods in patients with ARDS. Sixteen forehead sensors were donated to the study. Data were obtained from 16 consecutive patients with early ARDS 8 who were mechanically ventilated in intensive care. Inclusion criteria were: older than 15 years, mechanically ventilated with an arterial line in the radial artery for blood gas sampling, invasive blood pressure monitoring and a central venous catheter in situ. Patients were excluded if they had an intercostal catheter with an air leak, pneumothorax on chest x-ray, bronchospasm on auscultation, raised intracranial pressure, acute pulmonary oedema, mean arterial pressure less than 60 mmHg, unstable arrhythmias or cardiac compromise. The study was approved by the hospital and university ethics committees. Written informed consent was gained from the person responsible (next of kin).
Patients were entered into the study when ventilation, sedation and circulatory resuscitation were complete and stabilised. Patients not in pressure-controlled ventilation were converted to pressure-controlled ventilation (mean 15, range 7 to 18 cmH 2 O) on the same level of PEEP. The fraction of inspired oxygen was reduced to achieve oxygen saturation of 90 to 92% so that an increase in SpO 2 could be clearly observed.
For the stepwise recruitment manoeuvre (SRM), the PEEP was increased from baseline to 20, 30 and 40 cmH 2 O every two minutes, then reduced to 25, 22.5, 20, 17.5 or 15 cmH 2 O every three minutes until a decrease in S a O 2 of 1 to 2% from maximum S a O 2 was detected ( Figure 1 ). The SRM increases in PEEP did not continue if the heart rate was less than 60 or greater than 140 beats per minute, a new arrhythmia appeared, systolic blood pressure was less than 80 mmHg or if pulse oximeter saturation (SpO 2 ) was less than 85%. Measurements of SpO 2 from both the forehead and finger sensors were taken at baseline, each PEEP level and at 30 and 60 minutes after the SRM. Arterial blood gases were taken at baseline, maximum PEEP, end of the SRM and 30 and 60 minutes after the SRM.
Blood oxygen saturation was simultaneously measured with forehead and finger sensors and arterial oxygen saturation measures taken with an arterial blood sample through the existing arterial line. Arterial blood gas samples were taken in the supine position and then immediately run through the blood gas analyser (Rapid Lab 1265 Blood Gas Analyser, Siemens Medical Solutions Diagnostic, Tarrytown, ny, USA). All data were collected at the Alfred Hospital intensive care unit. Measurement of oxygen saturation were obtained with the finger sensor connected to the Philips module (Fast-SpO 2 , Philips Medical Systems, Andover, MA, USA) on the opposite hand to the arterial line and from the disposable forehead sensor (Max P, nellcor, Tyco Healthcare, Pleasanton, CA, USA) connected to the recommended Oximax n-600 pulse oximeter. The sensors were connected to the oximeter recommended by the manufacturer in order to obtain the most accurate reading possible in the clinical setting. Both the Philips finger sensor and module and the forehead sensor and Oximax n-600 pulse oximeter have a selectable fast-averaging mode (two to three seconds) to track changes in saturation and its accuracy is quoted as 70 to 100% ± 2 digits.
DATA AnALySES
The first analysis examined differences between measurements. Three sets of paired data were considered:
finger sensor and arterial oxygen, 1.
forehead sensor and arterial oxygen, 2.
finger sensor and forehead sensor.
3.
Bias indicates the average deviation from the reference standard (either positive or negative). If one subject shows lower scores with pulse oximetry compared to arterial measures, while another shows higher scores for pulse oximetry compared to arterial measures, the overall bias estimates may approach zero. Absolute bias measurements on the other hand indicate the magnitude of deviation from the reference standard regardless of direction.
For each paired set of measurements the following analyses were conducted.
Repeated measures t-tests for systematic 1.
differences on each of the five test occasions. The differences between the readings from 2.
the forehead or finger sensor and the arterial saturation were calculated and, using those values, Bland-Altman analysis was performed. Bias (the mean difference between the values of the gold standard and either the finger or forehead sensor) and precision (1.96 standard deviation of the bias) were calculated for the finger SpO 2 versus S a O 2 differences and the forehead SpO 2 versus S a O 2 differences on each of the five test occasions. Random differences between arterial blood gas 3. and the two alternative measurement methods were assessed using a repeated measures t-test comparing the absolute difference scores of the gold standard to the finger and forehead sensor on each of the five test occasions. For each analysis alpha was set at 0.05. We performed a post-hoc sample size calculation based on the mean and standard deviation that found the probability was 85% that the study would detect a treatment difference at a two-sided 5% significance level, if the true difference between the means was 2%.
RESULTS
A total of 16 patients were studied for a total of 80 sampling periods. Both the forehead and the finger sensor were well tolerated and did not interfere with usual care. A reliable signal could not be obtained from the finger sensor during one sampling period when severe desaturation at maximum PEEP occurred during the recruitment manoeuvre (S a O 2 73%, forehead SpO 2 71%). Data collection did not occur from both of the pulse oximeters during another two sampling periods due to interruption because of concurrent unrelated procedures. Therefore 73 samples were included for analysis.
Diagnoses varied (Table 1) . Participants were aged 22 to 84 years (mean 52.6 years). The mean PEEP at baseline was 13 cmH 2 O and the mean maximum PEEP during the recruitment manoeuvre was 36.9 cmH 2 O. S a O 2 values for the 73 samples ranged from 73 to 100%. Mean oxygen saturation values at baseline for the clinical reference standard (S a O 2 ) and noninvasive sensors (finger and forehead) are shown in Table 2 .
Differences and limits of agreement between the sensors (finger, forehead) and the reference standard (arterial) were presented as bias ± precision at baseline, maximum PEEP and immediately after the recruitment manoeuvre. These are shown in Table 2 . Bias is defined as systematic differences between measurements obtained with finger or forehead and the reference standard 9, 10 . No statistically significant bias was observed when either finger or forehead was compared to arterial measures of oxygen saturation, with the exception of a very small systematic difference between finger measures and arterial measures taken immediately after recruitment manoeuvre. In this instance, finger measures were systematically greater by less than 1% (a difference of 0.74%) which is not considered clinically significant.
When absolute differences between each of the two alternative approaches to measuring blood oxygen saturation and the reference standard were compared, a significant difference was observed at maximum PEEP. The forehead sensor provided measurements that deviated more from arterial measures than did the finger sensor (mean absolute deviations 3.4%, 1.1% respectively, P=0.02). The greater variability in forehead measures taken at maximum PEEP is also reflected in the unusually large precision estimates associated these measures (4.38%, see Table 2 and Figure 2 ). no absolute differences from arterial measures taken at any other time points were significantly different ( Figures  1 and 3) .
DISCUSSIOn
This study compared the accuracy of a forehead pulse oximetry sensor with a digital sensor at varying PEEP levels in patients with ARDS. The hypothesis was that the forehead sensor would more accurately measure arterial oxygen saturation due to placement of the sensor over a central artery which was not prone to hypoperfusion as were the fingers. However, our findings did not support this hypothesis.
At baseline, where the mean PEEP was 12.8 cmH 2 O (range 10 to 18 cmH 2 O), there were no differences in measures of oxygen saturation obtained using any method. The differences in oxygen saturation between the arterial blood gas and the forehead sensor appeared to increase as the oxygen saturation decreased. It is important to note that there was drop-out of a reliable signal from one patient with severe desaturation using the finger saturation was within an acceptable range of ±2% from both the forehead and the finger sensor. Both methods are quick and easy to apply and the decision may be determined primarily by cost. At the time of this publication, in our intensive care unit the cost of the forehead sensors was higher than that of the finger sensors. One of the obvious limitations of this study was that the probes and oximeters were different. This makes it difficult to extrapolate the results due simply to the difference in the sensors. However, the pulse oximeters were recommended by the manufacturer as the most accurate model to be used with the particular sensor under investigation and it was decided that the test should reflect clinical practice in the intensive care unit. The other limitation of this study was the small sample size. Although the numbers were small, the random error was higher in every patient at maximum PEEP with the forehead sensor and this observation certainly warrants closer evaluation in a larger trial.
COnCLUSIOn
The Philips finger sensor was as accurate as the Max-Fast forehead sensor in detecting changes in arterial oxygen saturation in adults with ARDS at varying PEEP levels. This preliminary work indicates that finger sensors may be more accurate than forehead sensors at high levels of PEEP, such as during recruitment manoeuvres. sensor at maximum PEEP. A drop-out is in itself an important indication that the equipment may not be reliable under the circumstances and may need to be considered as a potential problem with the finger sensor. However it occurred in one patient only and the effect of high PEEP on drop-out needs to be confirmed in a larger trial. Overall, 15 patients were included in the analysis at maximum PEEP.
Although sampling error might account for the significantly greater deviation of forehead measures from arterial measures at maximum PEEP (mean PEEP at maximum = 38 cmH 2 O), every subject had the same or greater absolute error in the reading of oxygen saturation at maximum PEEP when the forehead sensor was compared to the finger sensor. This potential for error at high PEEP should also be re-examined in a larger trial.
The random variability in forehead measures taken at maximum PEEP were of a considerably greater magnitude (mean absolute difference = 3.35%, range -7 to +11) than those for finger measures (mean absolute difference = 1.11%, range -4 to +4). In addition, a test comparing absolute variation from the reference standard found significantly greater variations for forehead measures compared to finger measures. Although the bias is within the error limits of the device (2%), meaning that it does not consistently over-or under-read at high PEEP, the limits of agreement are very wide and outside the error limits of the device. So for any forehead reading, there is 95% probability that the true saturation lies within 4% either side of the reading.
At maximum PEEP, every subject showed greater error in the reading of oxygen saturation from the forehead sensor compared to the finger sensor. It has been hypothesised that the increase in PEEP and the subsequent increase in intrathoracic pressure and reduced cardiac output may cause a dampening of the arterial pulse wave, such that the sensor has difficulty determining an arterial wave from a venous wave. It is unclear why this would occur with the forehead sensor and not the finger sensor, although perhaps it is more apparent with the arteries that are closer to the thorax. Clinically, the measurement of oxygen saturation from a non-invasive device may be used to start and stop a procedure such as a recruitment manoeuvre 2, 4 and may be used to measure clinical effectiveness 11 after such a treatment. The use of pulse oximetry with a forehead probe must be reassessed based on the findings of this study, as the precision at high PEEP is not adequate to accurately evaluate the effects of the procedure.
At levels of PEEP that are usual practice (10 to 25 cmH 2 O), the measurement of arterial oxygen
